Searches for diphoton resonance have been shown to be very useful in discovering new heavy spin-0 or spin-2 particles. Supposing that a new heavy particle shows up in the diphoton channel and it points to a spin-0 boson, it can be allowed to have a small mixing with the observed 125 GeV Higgs-like boson. We borrow the example of the 750 GeV particles hinted with 3.2 fb −1 data at the end of 2015 (though it did not appear in the 2016 data) to perform an analysis of "double Higgcision". In this work, we perform a complete Higgs-signal strength analysis in the Higgs-portal type framework, using all the existing 125 GeV Higgs boson data as well as the diphoton signal strength of the 750 GeV scalar boson. The best fit prefers a very tiny mixing between two scalar bosons, which has to be accommodated in models for the 750 GeV scalar boson.
I. INTRODUCTION
The first run at √ s = 13 TeV at the LHC has hinted a possibility of observing a new particle at around 750 GeV. Both ATLAS and CMS collaborations have reported a "bump"
in the diphoton invariant mass distribution around 750 GeV, indicating a local significance of 3.9σ by ATLAS [1] and about 3σ by the CMS [2] . Such an excitement has motivated a lot of speculations in many theories. Everyone has very high expectation for the new run coming up in May 2016 at the LHC.
Both ATLAS and CMS updated their findings in the early 2016 during the Moriond
Conference. In particular, the CMS also included a set of data without the magnetic field into the analysis, and improved the significance to about 3.2σ. The summary of the diphoton data of the 750 GeV resonance is given in Table I . Although the hint is preliminary, it has stimulated a lot of phenomenological activities, bringing in a number of models for interpretation.
* If the particle decays directly into a pair of photons, it can have a spin-0 or spin-2, however, one has to entertain the possibility that the 750 GeV particle undergoes cascade decays into collimated photon objects (aka photon-jets) [3] .
During the ICHEP 2016 conference, both ATLAS and CMS reported their searches including the new 2016 data totaling about 12-13 fb −1 [4] . The ATLAS collaboration reanalyzed the 2015 data of 3.2 fb −1 and they reported a little bit smaller excess of 3.4σ at 730
GeV, compared to the previous 3.9σ excess at 750 GeV. While, in the new 2016 data of 12.2 fb −1 , they have not observed any significant excess at all. In the combined data of 15.4 fb −1 , they observed 2.3σ excess at 710 GeV for the wide width case with Γ X /m X =10 %. In the narrow width case, the combined data show several ∼ 2σ excesses with the largest one at 1.6 TeV with a 2.4σ local significance. The CMS collaboration has observed no significant excess in proximity of 750 GeV in the new 2016 data of 12.9 fb −1 , either. But, interestingly, it reported the largest excess newly appeared at 620 GeV with ∼ 2.4−2.7σ local significance.
And, like as in the ATLAS case, the combined √ s = 13 TeV data of 16.2/fb show several excesses at the level of ∼ 2σ.
Both experiments did not further find evidence of the 750 GeV resonance. Nevertheless, we do not give up. Hints of new particles can easily show up in the near future data. For example, the CMS data in ICHEP 2016 showed a new 2σ effect at around 620-650 GeV. * There has been more than 300 articles appearing on arXiv that interpret the 750 GeV particle. We only refer to those relevant to our work here. In this work, we focus on the interpretation that this 750 GeV particle is a scalar boson that links the SM sector with the hidden sector through the Higgs-portal type interactions, in which an SU (2) isospin-singlet scalar boson mixes with the SM Higgs boson through an angle α [5] . We assume after mixing the lighter boson is the observed SM-like Higgs boson H 1 at 125 GeV while the heavier one H 2 is the one hinted at 750 GeV. Thus, the 750 GeV scalar boson H 2 opens the window to another hidden world containing perhaps dark matter and other exotic particles.
In our previous global fits to the Higgs-portal type models with all the Higgs boson data from Run I [6] before the hint of the 750 GeV boson, we have constrained the parameter space of a few Higgs-portal singlet-scalar models. In those models without non-SM contributions to the hγγ and hgg vertices, the mixing angle is constrained to cos α > 0.86 at 95% CL.
However, in those models with vector-like leptons (quarks) the mixing angle can be relaxed to cos α > 0.83 (0.7) at 95% CL. The implication was that the 750 GeV scalar boson H 2 can be produced in gg fusion as if it were a 750 GeV SM Higgs boson but with a suppression factor sin 2 α if there are no vector-like quarks running in the H 2 gg vertex. Additional contributions arise when there are vector-like quarks running in the loop. Similarly, the decays of the scalar boson H 2 can be enhanced substantially into a pair of photons and gluons in the presence of vector-like fermions.
In an earlier attempt when the 750 GeV particle was first hinted, we performed such an analysis in the Higgs-portal framework that the 750 GeV boson H 2 interacts with the SM particles via the mixing angle with the 125 GeV Higgs boson and also via vector-like fermions [7] . Because the vector-like quarks carry electric and color charges while the vectorlike leptons carry electric charges, the 750 GeV boson can be produced via gluon fusion and can also decay into a pair of photons and gluons. In [7] we used all the 125 GeV Higgs boson signal strength data and also the diphoton cross section of the 750 GeV boson to constrain the couplings of the 125 GeV Higgs boson, the mixing angle, and also on the extra loop contributions to the 750 GeV boson due to the vector-like fermions.
In this work, we extend the earlier analysis into a full-swing analysis, taking into account various combinations of 125 GeV Higgs couplings, the 750 GeV boson couplings to vector-like fermions, and the mixing angle. Improvements are summarized as follows.
1. We include the effects of vector-like fermions in gluon fusion production and 2. We include the non-standard decay modes for the 750 GeV boson.
3. We separately consider the choices of narrow and wide width for the 750 GeV boson.
While the ATLAS data prefers a wide width, the CMS data prefers the narrow width.
The organization is as follows. In the next section, we describe briefly the framework Special note: After we posted this preprint to arXiv, both ATLAS and CMS announced that they did not find evidence of the 750 GeV resonance in the new 2016 data. We, nevertheless, think this double-Higgcision study would still be a good exercise whenever another diphoton resonance shows up in the future data. In the following, we shall borrow the data of the 750 GeV particles recorded with 3.2 fb −1 luminosity at the end of 2015 to perform an analysis of "double Higgcision" -the precision-coupling analysis involving both Higgs bosons.
II. FORMALISM
Interpreting the 750 GeV diphoton resonance as a scalar resonance generically involves at least two interaction eigenstates of h and s: h denotes the remnant of the SM Higgs doublet H and s the singlet or the remnant of additional Higgs doublets, triplets, etc. Then the two states h and s mix and result in the two mass eigenstates H 1,2 . In the singlet case, for example, the mixing is generated from renormalizable potential terms such as
In this work, for concreteness, we concentrate on the singlet case.
A. Mixing and couplings
The mass eigenstates are related to the states h and s through an SO(2) rotation as follows:
with cos α and sin α describing the mixing between the interaction eigenstates h and s. In the limit of sin α → 0, H 1 (H 2 ) becomes the pure doublet (singlet) state. In this work, we are taking H 1 for the 125 GeV boson discovered at the 8-TeV LHC run and H 2 for the 750
GeV state hinted at the early 13-TeV LHC run. We are taking cos α > 0 without loss of generality. For the detailed description of this class of models and also Higgs-portal models, we refer to Refs. [5, 6] .
In this class of models, the singlet field s does not directly couple to the SM particles, but only through the mixing with the SM Higgs field at renormalizable level. The Yukawa interactions of h and s are described by
with f denoting the 3rd-generation SM fermions and F the extra vector-like fermions (VLFs):
vector-like quarks (VLQs) and vector-like leptons (VLLs). Thus, the couplings of the two mass eigenstates H 1,2 to the SM fermions and VLFs are given by
Incidentally, the couplings to massive vector bosons V = W, Z are given by
The couplings of H 1,2 to two gluons, following the conventions and normalizations of Ref. [8] , are given by
where Similarly, the couplings of H 1,2 to two photons are given by
where N C = 3 and 1 for quarks and leptons, respectively, and Q f,F denote the electric charges of fermions in the unit of e. In the limit τ → 0, F 1 (0) = 7. We note that S 
B. Production and Decay
The production cross section of H 1,2 via the gluon-fusion process is given by
with S 
where Q F and the couplings g ZF F are defined in the interactions
and we note 2m
With no available independent information on the g ZF F couplings, we neglect ∆Γ
by taking g ZF F = 0 when we perform global fits ‡ .
III. HIGGS DATA
A.
For H 1 with M H 1 = 125.5 GeV, we use the signal strength data from Refs. [10, 11] . The theoretical signal strengths may be written as
where P = ggF, VBF, V H 1 , ttH denote the H 1 production mechanisms: gluon fusion (ggF), vector-boson fusion (VBF), and associated productions with a V = W/Z boson (V H 1 ) and top quarks (ttH 1 ) and D = γγ, ZZ, W W, bb, ττ the decay channels. Explicitly, we are taking ) symmetry is imposed onto the VLFs, the couplings of VLFs to photon and Z are correlated such that g ZF F is given by g ZF F = I with V = Z, W . For the decay part,
with
and
for D = ZZ, W W, bb and ττ . If there are no VLF contributions to the H 1 couplings to photons and gluons or S
= 0, the signal strengths are simply given by
For more details, we refer to Ref. [10] .
B. H 2 Data
For H 2 with M H 2 = 750 GeV, we adopt the following cross sections for the diphoton process pp → H 2 → γγ measured at √ s = 13 TeV [12, 13] in 2015:
σ ATLAS ≈ 9.7 ± 3.2 fb (for broad width) , σ ATLAS ≈ 6.3 ± 2.4 fb (for narrow width) ,
We also include the 8-TeV CMS data which correspond to the following cross section at √ s = 13 TeV
In this work, we neglect the 8-TeV ATLAS data since they do not give positive-definite cross section at 1-σ level. We note that the ATLAS Collaboration gave the cross sections for the broad-and narrow-width cases separately. For definiteness we apply the broad-width value when Γ H 2 ≥ 40 GeV and the narrow-width value when Γ H 2 ≤ 10 GeV. However, we take the averaged value In this analysis, we further take into account the following experimental constraints on the H 2 production and its subsequent decays:
• tt:
We would like to comment on the constraint on Γ(H 2 → H 1 H 1 ) from the combined 95%
GeV (20) where we normalize the cross section σ(gg → H 2 ) using the corresponding SM Higgs pro- 
the constraint on Γ(H 2 → H 1 H 1 ) can be translated on the constraint on the coupling g 211 :
With a model-dependent coupling g 211 , we do not impose any experimental constraint from
. Instead, as we shall see, we include Γ(H 2 → H 1 H 1 ) as a part of the free parameter which parameterizes non-SM decays of H 2 , as in Γ
inv , where the second term denotes additional partial decay widths of H 1 into invisible particles.
Finally, the vector-boson fusion (VBF) contribution to H 2 production is given by
with σ VBF SM (pp → H 2 jj) 130 fb with SM-like H 2 with mass 750 GeV at √ s =13 TeV [18] .
While the gluon fusion process gives
With sin 2 α < ∼ 0.2, as will be seen, and a possibly large value of |S
, we can safely ignore the VBF production of H 2 in this work.
IV. FITS
In our approach, without loss of generality, we have the following 7 model-independent parameters:
In our numerical analysis, we shall restrict ourselves to the case 2m
FF decays are kinematically forbidden and S
are all real. Furthermore, we note that
since
are not completely independent of
. In the heavy m F limit m F → ∞, for example,
and we have
On the other hand, if all the VLFs are degenerate around m
F sf (1) = 1 and we have
For convenience we introduce the parameters η g(Q) and η γ(F ) are defined as in
We note that |η g(Q) | and |η γ(F ) | take on values between 2/3 and 1 if all the couplings g sF F are either positive or negative, but in general can take on any values.
A. F4 fits
We first consider the minimal F4 fit varying the following 4 parameters:
For the remaining parameters, first of all, we are taking Γ
we consider the three extreme possibilities as follows:
The VLFs are assumed not to contribute to the H 1 couplings to photons and gluons. In this case, the H 1 sector communicates with the H 2 sector only through the mixing angle sin α and, accordingly, the signal strengths become µ(P, D) cos 2 α independently of the production mechanism P and the decay mode D
• F4-2 with η g(Q) = η γ(F ) = 2/3 : The VLFs are assumed to be almost degenerate with their masses around M H 2 /2.
• F4-3 η g(Q) = η γ(F ) = 1 : All the VLFs are much heavier than H 2 .
And, the regions of the varying F4-fit parameters are taken as follows:
• | sin α| ≤ 0.5: We consider the 95% confidence level (CL ) limit of cos α > ∼ 0.86 obtained from the global fits to Higgs-portal models using the current LHC H 1 data [6] . We shall show that | sin α| would be more stringently constrained in the F4-2 and F4-3 fits with non-zero η g(Q) and η γ(F ) . 
at the same value of √ s. The first line shows the best-fit values for the global minimum over the full range of Γ H 2 , whereas the second line shows the results for the broad-width case under the assumption of Γ H 2 ≥ 40 GeV.
F4 | cannot be larger than 10. In order to achieve the maximal value of S g(Q) H 2 ∼ 10, for example, there should be more than 20 VLQs with m Q ∼ 500 GeV and g sQQ ∼ 1. As we shall show, the H 2 dijet constraint gives
• |S 
F4 
F4 In Tables II, III, The best-fit values for the cross section σ(gg → H 2 → γγ) are 5.1 fb and 5.7 fb, again independent of η g(Q),γ(F ) , for the global and broad-width minima, respectively. We find that
Incidentally, we find
For the F4-2 and F4-3 fits , we observe
which implies, for example, | sin α| < ∼ 0.2 (0.4) when Γ H 2 < ∼ 10 (40) GeV and | sin α| cannot exceed ∼ 0.45 if Γ H 2 ≤ 50 GeV. In the F4-1 fits, as shown in Table II , the minimum for the § Here we have assumed that the VLFs are singlet and thus do not couple directly to W bosons. However, if the VLFs are arranged into SU (2) doublets, the VLFs can couple directly to W bosons and thus contributing to the H 2 → W W decay via loops. See Section V for more discussions. full range of Γ H 2 is deeper than that for the broad-width case. From the upper-left frame of GeV. This is because the ATLAS data on σ(pp → H 2 → γγ) are closer to the CMS data when Γ H 2 ≤ 10 GeV, see Table I. In the lower frames, we observe that, in the ∆χ 2 ≤ 2.3 region (red), Γ
GeV, 36 GeV, and 36 GeV to achieve Γ H 2 ≥ 40 GeV for η
(F4-2, middle), and η g(Q) ,γ(F ) = 1 (F4-3, right), respectively. Figure 3 shows the CL regions in the (sin α, S
As sin α deviates from 0, |S 
).
On the other hand, the four islands around the points | sin α| = 0.20 , |S 
). We find that the cases with 
, and S
in the F4 fits. Figure 4 shows the CL regions in the (sin α, S
the parameter space is constrained basically by the lower limit on σ(gg → H 2 → γγ).
The lower limit σ min ∼ 3 fb in at 68% CL, see Table V . Then, using Eq. (30), we have
This observation basically explains the shape of CL regions in the left frames together with the fact that the lower limit σ min increases a little bit as | sin α| deviates from 0, see ) case. In the CL regions along the sin α = 0 line,
). While, on the two islands at non-zero sin α and for large values of |S
which implies that the local minima appear at sin α constraint. Figure 7 shows the CL regions in the (sin α, σ(gg → H 2 ) × B(H 2 → W W )) plane. As sin α deviates from 0, the cross section can be as large as 150 fb, limited by the current H 2 diboson constraint. 
where we again take F4-2, F4-3 ). But it should be larger than ∼ 0.2 in order to accommodate the value Γ H 2 > ∼ 40 GeV. Especially, when Γ H 2 ∼ 50 GeV, the invisible branching ratio should be larger than 0.3, 0.45, and 0.45 for F4-1, F4-2, and F4-3, respectively, at 68% CL.
In this section, we consider the more general case in which there exist interactions between VLQs and W/Z bosons. Then, even in the limit of sin α = 0, H 2 can decay into W W and ZZ via VLQ loops and, more importantly, into Zγ.
Note that the couplings of VLQs to W/Z bosons are highly model dependent on the weak isospin and the U (1) Y hypercharges. In order to be specific but without much loss of generality, we introduce N d copies of VLQ doublets Q d = (U, D) T and N s copies of VLQ singlets Q s which couples to the SM gauge bosons as follows:
where g s denotes the SU ( 
Note that
We note the couplings to the Z boson are purely vector-like and proportional to the factors 
With all these couplings given, one can calculate the VLQ-loop contributions to the H 2 couplings to gg, γγ, Zγ, ZZ, and W W , which are proportional to cos α. For the H 2 couplings to two gluons and two photons, adopting the same notations as in Eqs. (5) and (6), we have
On the other hand, for the H 2 coupling to Z and γ, following the convention of Eq. (11),
we have
Note that, in the limit of M Z = 0, we have 2m
after replacing (I 
and, in the leading order neglecting the SM one-loop contributions to the hW W vertex, the tree-level and one-loop amplitudes are
where k 1,2 are the momenta of the two massive vector bosons with 2k
and 1,2 are their polarization vectors. Note that there exists a tree-level contribution to the amplitude when sin α = 0 which has different vertex structure from the loop-induced one.
The form factor S
can be cast into the form
in the limit of m U = m D = m Q d . Also note that, in the limit of M W = 0, 2m
becomes the same as the singlet contribution to S and they should be treated as independent parameters. But we find that they can be expressed in terms of S
In the above limit, we have
where we use Q U − Q D = 1. Note that the form factors S
, N d , and N s are given and, accordingly, one can calculate the decay widths of H 2 into Zγ, ZZ, and W W , see Appendix A.
In Fig. 11 , we shows the CL regions in the (sin α, σ(gg → The important findings and a few comments are summarized as follows:
1. We have divided the analysis into two cases: (i) the width is varied freely and (ii) a broad-width defined by Γ H 2 > 40 GeV is enforced. In the former case, a narrow width is always preferred and the width is of order 1 − 3 GeV. On the other hand, in the broad-width case the width is around 45 GeV. Note that the minimal χ 2 for these two cases only differ by a small amount, which is statistically not significant. parameters, but, however, they share the same form and with varying VLF mass their ratios η g(Q) and η γ(F ) range between 2/3 and 1 for VLF mass from m H 2 to infinity.
We have shown the results of our analysis for these two representative values of ηs in F4-2 and F4-3 fits, which have similar features.
3. We have also demonstrated the extreme case of ηs equal to zero, i.e., the VLFs do not affect the gluon-fusion production of H 1 and the decays of H 1 into photons and gluons.
In such a scenario, the effect of H 
